We have carried out an investigation of the effects of various parameters on the accumulation of deleterious mutant alleles in finite diploid populations. Two different processes contribute to mutation accumulation. In random-mating populations of very small size and with tight linkage, fixation of mutant alleles occurs at a high rate, but decreases with extremely tight linkage. With very restricted recombination, the numbers of low-frequency mutant alleles per genome in randommating populations increase over time independently of fixation (Muller's ratchet). Increased population size affects the ratchet less than the fixation process, and the decline in population fitness is dominated by the ratchet in populations of size greater than about 100, especially with high mutation rates. The effects of differences in the selection parameters (strength of selection, dominance coefficient), of multiplicative versus synergistic selection, and of different amounts of inbreeding, are complex, but can be interpreted in terms of opposing effects of selection on individual loci and associations between loci. Stronger selection slows the accumulation of mutations, though a faster decline in mean fitness sometimes results. Increasing dominance tends to have a similar effect to greater strength of selection. High inbreeding slows the ratchet, because the increased homozygous expression of mutant alleles in inbred populations has effects similar to stronger selection, and because with inbreeding there is a higher initial frequency of the least loaded class. Fixation of deleterious mutations is accelerated in highly inbred populations. Even with inbreeding, sexual populations larger than 100 will probably rarely experience mutation accumulation to the point that their survival is endangered because neither fixation nor the ratchet has effects of the magnitude seen in asexual populations. The effects of breeding system and rate of recombination on the rate of molecular evolution by the fixation of slightly deleterious alleles are discussed.
Introduction
The process known as Muller's ratchet was originally understood in terms of the loss of chromosome classes from finite populations that do not have any recombination, but are undergoing recurrent mutation to deleterious alleles (Muller, 1964; Felsenstein, 1974) . In such a population, assuming multiplicative fitness interactions across loci, there will initially be a Poisson distribution of numbers of mutations per chromosome, among the individuals present in any generation (Haigh, 1978) . It is therefore possible that by chance the class of chromosomes with the lowest number of mutations is not propagated from one generation to the next, so that the 'least-loaded' chromosome type thereafter has more mutations than before. In the * Corresponding author.
absence of recombination and back-mutation, it is not possible for a chromosome type with fewer mutations to arise in the population, even though such a type would have higher fitness than that of existing chromosomes. Because the process involves successive losses of the class with the lowest number of mutations, it does not cause fixation of mutations if the number of loci is large. The result is that numbers of mutations will build up over the generations, and the population mean fitness will decrease, but any particular mutant allele will remain at a low frequency in the population, being represented only in certain of the chromosomes present.
This model for deterioration of population fitness depends on restricted recombination. If much recombination occurs, Muller's ratchet will not operate. The ratchet is also expected to operate in asexual populations (Maynard Smith, 1978) , in which there is of course no recombination, and in highly selfing populations (Heller & Maynard Smith, 1979) , as well as in situations in outcrossing sexual species where recombination is restricted, for example the differential segment of the Y chromosome (Charlesworth, 1978) . Several authors have pointed out that the ratchet may lead to an irreversible decline in the mean fitness, and ultimately to extinction, of asexual populations (Manning, 1983; Maynard Smith, 1988; Lynch & Gabriel, 1990) . It is important for our understanding of fitness in finite populations to know in quantitative terms how much recombination, and how much outcrossing, stop the operation of the ratchet, in populations of given size. Quantitative studies were done by Pamilo Nei & Li (1987) , using simulations of population sizes of 100 diploids undergoing mutation to alleles with a dominance coefficient of 0-5. These authors also derived approximate analytical expressions for the rate of accumulation of mutations and increase in variance of numbers of mutations. Bell (1988) also studied the rate of operation of the ratchet, making some approximations whose accuracy has not been tested. Bell (1988, pp. 76-77) concluded that the product of the population size and the mean number of crossover events per bivalent must be of the order of 10 6 to prevent the ratchet's operation. Thus, Bell suggested that a small amount of recombination is sufficient to maintain population fitness in very large populations, but small populations require large recombination values to escape the operation of the ratchet.
Here, we study the speed of operation of the ratchet as a function of the diploid population size, recombination fraction, and the selfing rate, using stochastic simulations of multi-locus systems. Our aims were to study two of the unsolved problems mentioned by Maynard Smith (1988) , namely how much recombination and how much outcrossing are needed to arrest the ratchet. For most of our modelling, the mutating loci were on a single chromosome. Assuming as appears reasonable that accumulation of mutations is independent for independent chromosome pairs, this is the case of most biological interest. We have therefore concentrated on runs with about 1000 loci, and a mutation rate lower than in our previous work, where the focus of interest was the level of genetic load in larger populations, due to mutations at loci throughout the genome.
This work enables us to test Bell's (1988) quantitative conclusions with respect to the frequency of recombination that will stop the ratchet in populations of different sizes, and to study the effects of the important parameters on the speed of operation of the ratchet when selection takes place in diploid populations, since most previous work (with the exception of Pamilo et al. 1987) has assumed haploid populations. In diploid populations, at least with outcrossing, both Muller's ratchet and fixation will be more likely to occur than in haploid populations, because of the sheltering effect of heterozygosity, although the effects on fitness of the accumulation of mutations will also be smaller. The ratchet might also be expected to be slowed down when fitness declines faster than multiplicatively with increasing numbers of mutations carried. We have therefore also studied the effect of synergistic interactions between alleles at different loci, since this form of interaction is known to affect population mean fitness (Kimura & Maruyama, 1966; Crow, 1970 ).
Muller's ratchet is not the only process causing population mean fitness to decline in finite populations with low recombination. In addition to the ratchet process of loss of the genotypic class with the least mutations, fixation of mutant alleles also occurs in very small populations (Kimura, Maruyama & Crow, 1963; Felsenstein, 1974) . As will be seen below, this can often be important. It is important to distinguish between these two types of process, and to identify the conditions under which each of them is expected to operate. None of the results published so far on mutation accumulation in asexual populations or with restricted recombination, either theoretical (Felsenstein, 1974; Li, 1987; Pamilo et al. 1987; Lynch & Gabriel, 1990) or empirical (Chao, Tran & Matthews, 1992) , makes clear what contribution to the accumulation of mutations comes from each of these sources. It therefore seems that more work is required in order to understand the processes of mutation accumulation in finite populations. As will be seen, the effects of differences in the model parameters are complex, so that it is necessary to examine many different parameter combinations.
Methods (i) Construction of the model
The populations were simulated using the stochastic multi-locus method of Fraser & Burnell (1970) and the programs used have been described previously . The program for sexual reproduction assumes that individuals are hermaphrodite (i.e. that any individual can reproduce as a maternal parent or as a paternal one). In randomly choosing an individual as the paternal parent in a cross, the maternal parent was not excluded from the pool of zygotes to be sampled, so that there could be a low level of selfing in outcrossing populations of small size. The sequence of operations in each generation (mutation and reproduction, followed by selection) was the same as used by Kondrashov (1985) and by ourselves in our previous modelling work on inbreeding depression (Charlesworth et al. 1990 . In what follows, the population size of diploid individuals will be denoted by N. The populations were assumed to be partially self-fertilizing, with a frequency of selfing (S) which could take any value between zero and one. The number of loci was 1024. A recombination fraction of r between adjacent loci was assumed, with a binomial distribution of the numbers of recombination events, and no interference between the events at different locations. We also used a simplified version of the program to model apomictic parthenogenesis, in which entire genotypes reproduce themselves without recombination.
For the mutation process, we assumed a Poisson distribution of numbers of mutation events, with mutations occurring at loci chosen at random. The mutation rate for the whole diploid genome was denoted by U. Mutation was assumed to be unidirectional, from wild-type to mutant alleles only. This assumption is reasonable because the probability of back-mutation at any locus is likely to be much lower than forward mutation (Attwood, Schneider & Ryan, 1951) . The one-way mutational process was done by changing the allelic state only for wild-type alleles, and leaving mutant alleles unchanged. When fixation for a mutant allele occurs, the mutation rate of the genome is therefore reduced. To avoid significant reduction of the mutation rate when the total number of fixations was high, loci at which fixation of mutant alleles occurred were re-set to the wild-type state, although fitness was calculated including the contribution from loci fixed for mutant alleles. As a population approaches fixation for a mutant allele, there will be a similar effect in our simulations. As will be seen, however, the proportion of the 1024 loci fixed rarely exceeded 10% after 2000 generations, so the number of loci close to fixation (at which homozygotes will occur) in any given generation, was always very small. Even with asexual populations, and very high mutation rates, where the number of' fixations' went as high as 383, fixation means that all individuals in the population have the same genotype at a given locus, nearly all heterozygotes, so only 19% of alleles became immune to mutation in the worst case. The frequencies of fixed mutant alleles were very much lower than this, in all other runs, so over the time period of our runs there was only a small reduction of the mutation rate with this method.
The runs were started using distributions of numbers of mutations per individual previously calculated for populations of infinite size with free recombination, by the methods described for the multiplicative (Charlesworth et al. 1990) or synergistic (Charlesworth et al. 1991) selection models (see below). For the runs with high levels of selfing, the distributions from deterministic runs with 5 = 0-99 were used. These distributions were converted to cumulative distributions, and then (by means of random numbers) the cumulative data were used to obtain numbers of individuals with specified numbers of mutations, given the total population size to be modelled in the run. The population was then run for 2000 generations.
The state of the population was recorded every fifty generations. The variables recorded for each run were: the numbers of heterozygous and homozygous mutations per individual in the population, the number of loci fixed for mutant alleles, the number of mutations per gamete taken over all loci, and taken over just the segregating loci, the number of mutations in the least-loaded gamete class, and the population mean fitness w. For each set of parameter values, a set of 20 runs was carried out. At the end of each run, the regression of the natural logarithm of the mean fitness on generation number was recorded together with the mean values of the other variables, including correlations between the numbers of homozygous and heterozygous loci per individual. The values were stored for later calculations of the means over replicate runs, and the variances between replicates.
(ii) Fitness functions
In the sets of runs to be described, two fitness models were studied. Both models assume that selection takes place in the diploid stage of the life cycle, and in both models the selection and dominance parameters are assumed to be the same at all loci. In one model, fitnesses are multiplicative. In this case, the fitness of a genotype is given by the expression where 5 is the selection coefficient against homozygotes for the mutant alleles, h is the dominance coefficient of these alleles, and y and z are the numbers of homozygous and heterozygous mutations in the genotype, respectively (Charlesworth et al. 1990) . Our second fitness model assumes synergistic epistasis (Kimura & Maruyama, 1966; Crow 1970) . For this type of model, we used a generalization of Crow's (1970) quadratic fitness model employing an 'effective number of mutations', n, which weights heterozygous mutations by the dominance coefficient (Sved & Wilton, 1989) , so that n = hz+y. The fitness expression is then given by: Charlesworth et al. 1991) .
The runs become very slow once the population mean fitness has declined to a low level (when many zygotes must be generated for each one that has high enough fitness to be permitted to survive). To speed up the runs, a scaling factor was therefore introduced, such that the threshold fitness for survival was decreased over time to such a level that approximately 10 individuals were generated for each surviving individual. We checked with several parameter sets that no differences in the results occurred as a result of this procedure, apart from the times taken for the runs. Table 1 and Figs 1 and 2 show the effects of changing the recombination fraction on the mean fitness, the number of loci fixed, and (for loci that had not become fixed for mutant alleles but were still segregating) the number of mutant alleles carried by the least loaded gamete class, and the mean number of mutations per gamete, for outcrossing populations with different population sizes. Only the recombination fractions that yielded some mutation accumulation are shown in the table, but the effect over the whole range of recombination values is shown in Fig. 1 . The values in columns 2-6 of Table 1 are means at 2000 generations, taken over all replicate runs for each parameter set, and their standard errors. No runs were stopped before 2000 generations, even if the mean fitness had declined to biologically unrealistically low levels. The selection coefficient (s) was 0 1 , and the dominance coefficient (h) was 0-2. A value of sh = 002 was estimated for detrimental mutations in Drosophila populations by Crow & Simmons (1983) .
Results

(i) Effect of linkage with multiplicative fitnesses
Initial values (from the infinite-population size case, see Section 2.1 above) for each set of runs are given in the table, at the bottom of each set of results for a given N. Comparison with these initial values enables one to tell whether a ratchet process has occurred in a set of runs, or whether the numbers of mutations are simply those to be expected in large populations with the same parameter values. It is evident from the table that, as expected, the initial values are similar to the values found after 2000 generations, for populations larger than 50 individuals with recombination rate (/•) greater than 10" 4 . In many cases, the mean numbers of mutations at segregating loci in the equilibrium populations are slightly lower than the initial values, because low frequency mutations in the initial infinitepopulation distribution are liable to loss when finite population size is imposed. The upper part of Table 1 gives results for a mutation rate U of 0-1 per diploid genome, and the lower part shows a higher mutation rate (U ~ 0-5). With all mutation rates studied, the mean fitness decreased with decreased population size. The highest recombination value shown in the table is 0-1, but the results were essentially the same for free recombination, and it can be seen in Fig. 1 that even in the smallest population (N = 25) the effect of increasing recombination by two orders of magnitude above 10~3 was slight. Table 1 shows that the decrease in population mean fitness is caused by two factors: fixation of mutant alleles, and increase in the numbers of mutant alleles at segregating loci. With free recombination, fixation should occur at rates expected from single-locus theory. Using the method described by Charlesworth (1992) for calculating the fixation probability, the expected numbers of fixations (fixation probability xUxN) with £/ = 01 and the selection and dominance coefficients of Table 1 , are 4-8, 007 and 7xlO~6 for populations sizes of 25, 50 and 100, respectively. These are similar to our observed numbers with loose linkage (Table 1) . With U = 0-5, the predicted values for the same population sizes are 24-3, 0-36 and 3 x 10~5, which are also similar to our results. With a low mutation rate (U = 0-1), when the loci were allowed to recombine at a significant rate (r ^ 0001), fixation of mutant alleles occurred when population size was below 100, and was frequently the main contributory factor to the decline in population mean fitness. In larger populations, fixation was rare unless the recombination frequency was extremely low. The same effect of recombination occurred with higher mutation rates, though in runs with U = 0-5 the number of fixations was nearly always much smaller than the number of mutations per gamete at the segregating loci.
The effect of recombination on fixation is generally not monotonic (Fig. 2) . In runs with the selection parameters of Table 1 , the greatest number of fixations clearly occurred with a small amount of recombination, rather than with zero recombination, with considerable increases in fixation evident between r = 0 and r = 00001 for U = 01, or between r = 0-0001 and r = 0001 for U = 0-5 (Table 1 ). As will be seen below, this did not occur with a higher dominance coefficient (see Table 3 ). The interpretation of these effects will be given in section 4.
In addition to the effect of the recombination fraction on fixation, low recombination also increases the speed of operation of the ratchet. This can be seen in Table 1 as increases in the numbers of mutations per gamete, and in the number of mutations in the least-loaded gamete class, for segregating loci. Reduction of the recombination frequency caused a with multiplicative or synergistic selection. The mutation rate was 01 per diploid genome per generation, the recombination frequency 000001, and the dominance coefficient was 0-2. With the multiplicative selection model, the selection coefficient against mutant alleles was 0-1. With synergistic selection, the selection parameters were a = 001 and fi = 002. monotonic increase in the speed of the ratchet, and also in the rate of decline of mean fitness as measured by the slope of the regression of mean fitness on generation number (Table 1 , Fig. 1 ). With small populations, in which fixation occurred with an appreciable frequency, fixation increased at recombination frequencies at which the ratchet process of accumulation of low-frequency mutant alleles was still not apparent. Only at linkage values even tighter than required for fixation to occur did the ratchet operate at a significant rate. The effect of increased mutation was much stronger on the ratchet than on the fixation process. Thus, with high mutation rates when linkage was tight, fixation became at most a minor, though significant, contributory factor to the decline in fitness. Even with U = 0-5, the ratchet operated only when linkage was extremely tight (Table 1 ). The mutation rates assumed in these runs are quite high. For a chromosome carrying 1024 loci subject to mutation, as assumed here, the diploid U value of 01 corresponds to a mutation rate of about 5 x 10~5 per allele per generation, a value that may be reasonable given that it is assumed to include all possible detrimental mutations (Crow, 1948; Mukai et al. 1972) . The value of 0-5 seems implausibly high for a single chromosome, but was included for completeness.
With multiplicative fitnesses, the decline in the natural logarithm of population mean fitness was approximately linear when the ratchet operated (Fig.  3) . This parallels linear increases in the numbers of fixed and segregating mutations (Fig. 4) . The slopes are given in Table 1 . Similar results were probably obtained in the simulations done by previous workers. For example, Pamilo et al. (1987) state that 'accumulation rate becomes fairly steady' by 400 generations (starting from the mutant-free genotype). (ii) Effects of changes in the selection parameters with multiplicative fitnesses Table 2 shows the effects of changing the selection and dominance coefficients in outcrossing populations of size 50 with a mutation rate of 01. The dominance coefficient can have an important effect on the population mean fitness. With a selection coefficient of 01, high dominance of the mutant alleles resulted in higher mean fitness (and a correspondingly lower rate of decrease in mean fitness over time) than low dominance (comparing A = 0-35 and h = 0-1), when the loci were tightly linked, though there was no effect when the loci were loosely linked (r = 01). With complete linkage, the mean fitness at generation 2000 is significantly lower with an intermediate dominance value. Increased dominance produced greater rates of fixation of mutations at tightly linked loci (Table 2) , but the accumulation of mutations by the ratchet mechanism decreased with increasing dominance, and was not significant with an h value of 0-35. With s = 0-2, similar effects were found, but the effect on the mean fitness at 2000 generations was a monotonic increase with increased h. We will discuss the probable reasons for the effect of the dominance coefficient below. Here, it is sufficient to note that the fixation and ratchet processes are affected in opposite ways by changes in the dominance coefficient. In considering the net effect on mean fitness, one must also remember that with greater dominance the effect on fitness of an increase in the number of mutations per gamete will be greater, so that it is not surprising that the effects on mean fitness can be complex.
Table 2 also shows that the effect of the recombination rate on the fixation and ratchet processes was generally similar, for all dominance values studied. The only important difference was that with 5 = 0-1 and h = 0-35 there was no decline in fixation even with extreme linkage, whereas a strong decrease in fixation was seen for r = 0 for more recessive alleles (see Tables 1 and 2 ).
The effects of changes in the selection coefficient in a random-mating population would be expected to be similar to those produced by alterations in the dominance coefficient. As might be expected intuitively, with strongly deleterious mutations (large s) the rate of accumulation of mutant alleles was slower than with smaller s values (Haigh, 1978; Pamilo et al. 1987; Lynch & Gabriel, 1990 ). This was true for both outcrossing and selfing hermaphrodite populations, but the effect was greater for the outcrossing case (Pamilo et al. 1987) . The rate of decline in mean fitness, however, can be higher with stronger selection than with milder mutant effects, because of the greater effect of each allele on fitness (Pamilo et al. 1987; Lynch & Gabriel, 1990) . With U = 01 and h = 0-2, we found that the mean fitness at 2000 generations was lower for s = 002 than 001 (0-459 versus 0-541), when the population size was 50, but with N = \00 mean fitness was lower with 5 = 001. These results essentially confirm the conclusions just outlined, though it is important to realize that the selection coefficient giving the maximum deterioration in fitness depends on the values of other parameters, including the mutation rate and the population size (see also Lynch & Gabriel, 1990) . Mutation to severely detrimental alleles usually resulted in higher mean fitness at 2000 generations, compared with mutations of lesser effect, but the opposite sometimes occurred with mutations of low dominance. With very strong selection against mutations (s = 0-9, detailed results not shown), there was no fixation with any linkage value, and the ratchet operated very slowly, if at all, and only when the mutations were quite recessive (h = 01).
(iii) Synergistic fitness interactions Table 3 shows some results for the case of synergistic selection. With the selection and dominance parameters assumed, the average numbers of mutant alleles per diploid genome in large outcrossing populations with recombination was about 6. Using the result that, in outcrossing populations at equilibrium under mutation and selection, the equality hs = U/n holds (Charlesworth, 1990) , we can compare the selection coefficient for the synergistic case with that in the multiplicative runs. The observed mean number of mutations corresponds to a selection coefficient per mutation of about 008, a value similar to that employed in the runs assuming multiplicative fitnesses with .s= 01. It is therefore reasonable to make comparisons between the multiplicative and synergistic runs.
The rates of decline of mean fitness (expressed as the slopes of the natural logarithm of mean fitness) were somewhat lower than those found with the multiplicative model, for comparable recombination values and population sizes (Tables 1 and 3 ). The mean fitnesses at 2000 generations were correspondingly slightly higher. Since increasing the selection coefficient tended to decrease the speed of operation of the ratchet, for most recombination values (Table 2) , it is not likely that the effect of synergism is caused by the slight difference in the selection coefficients, given that the synergistic runs involved effectively weaker selection, at least at the start of the runs. This is supported by the fact that there was no significant difference between the multiplicative and synergistic sets of runs in the slope of decline of fitness during the first part of the runs. It is more plausible to attribute the effect to a slowing down of the ratchet as mutations build up, in the synergistic selection case. That this happens can be seen in plots of the course of decline of mean fitness, for the two selection models (Fig. 4) . There was a statistically significant decrease in the regression of the natural logarithm of mean fitness on generation number in the runs with synergism, comparing the early and late stages of the time period investigated, but no such difference in the runs with multiplicative fitnesses. Fig. 4 also shows the increase in the mean number of mutations per gamete, and in the numbers of loci fixed for mutant alleles, and these also indicate clearly that synergism slows the ratchet.
(iv) Effect of the outcrossing rate Tables 4 and 5 show the effects of high selfing rates (restricted outcrossing) on population mean fitness and mutation accumulation, in populations of various sizes. The multiplicative model with the same selection parameters as before was used. In highly selfing populations, most individuals are homozygotes, so that the strength of selection against mutations is effectively greater than in an outbred population, where mutant alleles are usually heterozygous. One might therefore expect that one effect of selfing would be to slow down the operation of the ratchet, although the restriction of the effective amount of recombination in selfing populations would promote it (Heller & Maynard Smith, 1979 ). Thus restricted outbreeding should have a lesser tendency to proinote the ratchet, compared with the effect of restricted recombination for the same value of U.
With a population size of 100 or greater, with free recombination and t/ = 01, there was at most a very small rate of decrease in fitness, even when outcrossing never occurred. With very small populations (N = 25), there was some decline in mean fitness with decreasing outcrossing. This was due to fixation, and the mean numbers of mutations per gamete at the segregating loci were not significantly different for the different outcrossing rates. The numbers of fixations for small N were similar to those predicted by singlelocus theory (Charlesworth, 1992) . For example, with the selection and dominance coefficients of Table 5 , U = 01, and a population size of 25, the value is 58-8, close to the observed number. For population sizes of 50,100 and 200, however, 31-6, 7-54 and 0-27 fixations are expected, respectively, but many more were observed. For increasing TV, fixation thus fell off much less rapidly than single-locus theory predicts. The mean numbers of mutations per gamete at non-fixed loci were not greater than the expectation for the mean number after mutation, but before selection, under mutation-selection balance in an infinite population (the approximate value of this expectation is £7(1 + \/s)/2 = 0-55; this is similar to the expression U/2s given previously for the case of high selfing (Charlesworth et al. 1991) , modified to give the value for the stage of the life cycle before selection). Table 4 shows that this was true even with a high mutation rate (U = 0-5) and a population size of 100, though in this case, as with the smaller populations when a lower mutation rate was assumed, there were many fixations.
The speed of operation of Muller's ratchet is expected to depend on the frequency of the class of genotype with no mutations (Haigh, 1978) . When this frequency is small, there will be low numbers of individuals in this class, so that it is vulnerable to random loss. In the diploid sexual case, the mean number of mutations per gamete is n = U/2sh, yielding the expected frequency of the zero-mutation class Po = exp{-U/2sh] (Haigh, 1978) . With diploid asexual populations, the frequency of non-mutant clones is given by exp { -U/sh}, and for selfing, the relevant quantity to be compared is the mean number of homozygous mutant loci per individual, which is given by U/2s (Charlesworth et al. 1991) , so that/> 0 = exp { -U/2s}. Since s $> sh, the frequency of the leastloaded class will be higher under selfing than for the random-mating case without recombination. For h < |, the same holds for asexual populations. The ratchet should also operate more slowly under selfing, because of the greater degree of expression of the mutant effects.
This interpretation predicts that the ratchet should operate in selfing populations with mutations having smaller selection coefficients. We therefore did runs with 5 = 0-02 (i.e. equal to the value of sh in the outcrossing runs of Table 1 ). Results for free recombination, S= 1-0, and a range of population sizes are shown in Table 5 , for two U values. Again, with t/ = 0 1 , there were many fixations for small N, but little sign of Muller's ratchet and the mean fitness declined much more slowly than for asexual populations with comparable parameter values (compare Tables 4 and 6) . Tables 4 and 5 show the results of increasing the mutation rate. For the case of {7 = 0-1 and s = 002, the above formula for selfing yields p 0 value of 0-082, a high enough frequency that, by analogy with the asexual case, the ratchet would not be expected to operate, even in a very small population. With U = 0-2, however, the value would be 6-74 x 10~3, and the ratchet should operate in populations of size 100. The ratchet is indeed more apparent with U = 0-2, but fixation is still the dominant process in these runs. It thus appears that the ratchet is not very strongly promoted by even very high levels of inbreeding.
In all other respects, our results for inbreeding populations are consistent with those of Pamilo et al. (1987, p. 40) , who found slower accumulation of mutations with complete selfing compared with outcrossing populations, for A'=100, a selection coefficient of 001, intermediate dominance, and free recombination. They assumed a mutation rate of U = 002 per diploid genome of 5000 loci. As mentioned above, the results presented by these authors do not distinguish between fixation and accumulation of lowfrequency detrimental alleles, but both presumably occurred, as these parameters yield a very low p 0 value.
We have also done some runs to study the effect of linkage in inbreeding populations (Table 4) . Our runs extend the range of recombination fractions studied down to nearly complete linkage, whereas the closest linkage studied by Pamilo et al. (1987) still permitted recombination between the five chromosomes. Their runs should yield slower rates of decline in mean fitness than ones in which all loci are linked, because each chromosome should degenerate independently of the others, but segregation of chromosomes would reduce the rate of decrease in fitness over the genome as a whole by a factor approximately equal to the number of chromosomes. It is therefore important to compare the results of extremely restricted recombination with the results when segregation of chromosomes occurs.
When recombination as well as outcrossing was restricted, the ratchet (as opposed to fixation of mutations) operated only when the selfing rate was considerably lower than 1, and then increased monotonically with increased outcrossing (compare the results in Table 4 with those in Table 1 for complete outcrossing). This effect was seen only with tight linkage, and is probably due to the fact already mentioned that, with high selfing, selection on the mutant alleles operates mostly on homozygotes, and is thus effectively strongest with the greatest level of inbreeding, leading to a higher frequency of the genotypic class with the highest fitness. The finding that mutations accumulated by the ratchet only when some outcrossing occurred suggests that it is only in these populations that sufficient levels of heterozygosity exist for the mutations to be able to accumulate.
(v) Asexual populations
Mutation accumulation in asexual populations was thoroughly studied by Pamilo et al. (1987) , so we have merely done a few runs with parameter values similar to those employed in our other runs. The results are summarized in Table 6 . For the assumption of asexual reproduction, with no segregation of chromosomes, one is concerned with mutations on any chromosome, so the mutation rate assumed in the runs represents the whole-genome value for this case, unlike for the results for the sexual models already discussed which relate to single chromosomes. The mutation rate of U = 01 is therefore probably implausibly low for asexual populations, and a value of at least 0-5 may be appropriate (Mukai et al. 1972; Houle et al. 1992) . For the case of asexual populations, it is important to note that 'fixation' means that all individuals in the population have the same genotype at a locus, but unlike the case in sexual populations these genotypes are almost exclusively heterozygous. The column for mean numbers of mutations per gamete indicates the number for loci where there is variation in the population. As found by Pamilo et al. (1987) , accumulation is faster with asexual reproduction than with selfing (Table 6) .
As with the sexual populations summarized in Fig.  3 , the decline in the natural logarithm of the mean fitness of asexual populations, and the increase in the number of mutations, was linear with generation number when multiplicative fitnesses were assumed. When synergism was assumed, with the same parameters as before, the accumulation of mutations slowed over time, but there was no detectable difference in the rate of decline of mean fitness. This was presumably because the effect of a mutation is greater once several mutations are present in a genotype.
Discussion
In understanding the effects of linkage, dominance, and strength and mode of selection on the rate of accumulation of deleterious mutations and the decline in mean fitness in finite populations, it is important to separate the two contributory processes. The first is the fixation by drift of deleterious alleles at individual loci subject to irreversible mutation from wild-type to mutant alleles. The second is the operation of Muller's ratchet per se, i.e. the steady increase in the frequencies of gametes carrying large numbers of mutant alleles as a result of the stochastic loss of the least-loaded class of gametes. This can in theory occur without any noticeable concomitant fixation of deleterious alleles at individual loci (Haigh, 1978) .
Our results indicate that, as might be expected, the progress of the ratchet in a random-mating population of a given size is always retarded by increased recombination among loci, and by an increase in the dominance or selection coefficient for deleterious mutations (Tables 1 and 2 ). The effects of these parameters on the rate of fixation of mutant alleles and mean fitness are, however, much more complex, and require some discussion.
(i) The rate of fixation of mutant alleles in randommating populations
The effect of recombination on the rate of fixation of mutant alleles in random-mating populations can be understood in terms of two effects that work in opposite directions. The first is the Hill-Robertson effect (Hill & Robertson, 1966; Felsenstein, 1974) , the reduction in the efficacy of selection at one locus by interference from other selected loci with which it is linked. New mutations at a given locus tend to occur in gametes carrying wild-type alleles at the majority of other loci. With tight linkage, such associations may persist for a long time, and selection against the new mutant allele will be weakened by selection in favour of wild-type alleles at the other loci. This effect therefore tends to promote a higher rate of fixation of deleterious mutant alleles with tighter linkage (Li, 1987; Birky & Walsh, 1988) .
However, another effect must also occur when linkage is very tight. Because of the operation of Muller's ratchet, gametes will mostly carry many deleterious alleles, so that fixation of a mutant allele by drift will often entail the fixation of other, linked mutations carried on the chromosome that is being fixed. This homozygosity will reduce fitness considerably, and therefore linkage might be expected to work against the chance fixation of mutant alleles. The dramatic decrease in fixations in random-mating populations when linkage is complete and the dominance coefficient is low (Tables 1 and 2 ) appears to be caused by this effect of multiple-locus homozygosity outweighing the Hill-Robertson effect.
Two lines of evidence support this interpretation. First, there are strong negative correlations between the numbers of heterozygous and homozygous mutations per individual when linkage is very tight, which decline as recombination increases (see Tables 1 and 2 above). These reflect the correlations between the identity states of different loci due to linkage and the inbreeding effect of finite population size: identity by descent at one locus is correlated with identity by descent at linked loci (Fisher, 1949; Haldane, 1950) . Since mutant alleles are generally rare at each locus, this translates into a positive correlation between loci in the numbers of homozygous mutant alleles, as demanded by our interpretation of the retardation of fixation with very tight linkage.
The second line of evidence is provided by the increased rate of fixation of very tightly linked loci with increased dominance (Table 2 ). This appears counter-intuitive at first sight, because increased dominance should be equivalent to an increased strength of selection, when most mutant alleles are present in the heterozygous state. Indeed, the results in Table 2 show that the rate of fixation of mutant alleles always decreases with the selection coefficient against homozygous mutant alleles. As just discussed, however, accumulation of mutant alleles by the ratchet is expected to retard fixation when linkage is extremely tight, because of the association between loci in numbers of homozygous mutant alleles. With low dominance and very tight linkage, the ratchet successfully operates to produce a large mean number of mutant alleles per gamete, and so the effect of this association is strong. But when dominance is high, the ratchet is retarded and the correlation in homozygosity is weakened, thus permitting a higher rate of fixation with close linkage. Felsenstein (1974) stressed the similarity between the fixation and ratchet processes, emphasizing that both depend on linkage disequilibrium and that 'both the mutational load and the rate of complete fixation of deleterious mutations should be increased for the same reason in the absence of recombination'. However, the results we have just discussed indicate that the similarity is not as complete as Felsenstein suggested. In addition, the results shown in the Tables indicate clearly that fixation is greatly slowed by increased population size, whereas the ratchet process is more strongly dependent on restricted recombination but less sensitive to population size. Furthermore, the rate of operation of the ratchet depends exponentially on U, whereas the dependence of fixation is linear. Thus high mutation rates cause the ratchet to be the dominant process, at least in situations where it can operate at all (Tables 1 and 6 ).
With the selection and dominance parameters of Tables 1 and 3 , which are close to those suggested by the Drosophila data on mildly deleterious mutations affecting viability (Crow & Simmons, 1983) , it is clear that with zero recombination the ratchet contributes the bulk of the accumulation of deleterious alleles in populations of 50 or more. On the other hand, increasing recombination between adjacent loci, even just to the very low level of r = 000001, with U = 01, greatly retards the ratchet, but allows fixation to proceed at an appreciable rate even with N = 100. A further increase in recombination to 00001 effectively halts both fixation and the ratchet.
(ii) The rate of operation of the ratchet
The speed of operation of the ratchet in relation to population size and recombination fraction was examined by Bell (1988) , who concluded that the effects of these parameters could be summarised approximately for haploid populations (with a brief diploid phase followed by meiosis) by the equation lnr* = -1-6 -ln« 0 (where n 0 is the number of the mutation-free gametes given by lnn 0 = \nN-U/s, and r* is the recombination value, expressed as the number of crossovers per chromosome, that prevents the operation of the ratchet). This can be written as: \n(Nr*) = U/s-\-6. Bell concluded that the ratchet should be halted by larger values of either the haploid population size, N, or of r* than the values given by this expression.
For outbreeding diploid populations, we must replace U/s with U/2hs in Bell's (1988) formulae (see 3(iv)). Then, for s = 01 and h = 0-2, we have U/2hs = 12-5 for U = 0-5, yielding Nr* « 54000 or r* « 540 for 50 diploid individuals. With such a value, we have a situation that Bell describes by stating that 'no amount of recombination will halt the ratchet'. However, inspection of the results in Table 1 for this mutation rate shows that the ratchet did not operate when the recombination fraction was 0001 or above (equivalent to approximately 1 crossover per chromosome). Even when the runs were extended to 10000 generations, the mean number of segregating mutations per gamete remained at the same level as seen in Table 1 , though there were, as expected, roughly five times as many loci fixed as at generation 2000. Similarly, in previous simulations, we found that the ratchet did not operate in diploid populations of size 400 with U = 10, s = 0-1 and h = 0-2, though Bell's formula predicts that with such a large mutation rate Nr* « 1-5 x 10 10 . In general, Bell's formula suggests that the operation of the ratchet will depend on exp( -U/2hs) regardless of the recombination rate, and will thus be impossible to stop if the mutation rate is high, or hs very small. We have found many other examples of violations of these predictions, so we conclude that they are not generally valid. Only for low mutation rates (£/ = 0-1, U/2hs = 2-5) was agreement good. Recombination is more effective in slowing the ratchet than appeared from Bell's approximate analysis, and we find that the ratchet operates in outcrossing populations, even very small ones, only when recombination is highly restricted.
With high selfing, one would expect the effect of recombination to be slight, because heterozygotes will be rare. With complete selfing, Pamilo et al. (1987) indeed found little effect of differences in the amount of recombination, ranging from complete linkage on each of the 5 chromosomes assumed in the genome, to independent segregation of all loci. Since recombination affects the accumulation of mutations in outcrossing populations, the difference in the rate of accumulation between outcrossing and selfing populations is largest for populations in which there is substantial recombination (Pamilo et al. 1987) .
(iii) Mutation accumulation and population fitness
The speed of operation of the ratchet and fixation processes are important in giving an understanding of when populations are likely to deteriorate in mean fitness, and possibly become vulnerable to extinction (Manning, 1983; Maynard Smith, 1988; Lynch & Gabriel, 1990) . Our results suggest that species are rarely threatened by the accumulation of mutations, even when population size is very small, unless they are asexual. In random-mating populations, mutations accumulate only when recombination is severely restricted unless the mutation rate per locus is implausibly high. If there is some migration between local populations, the population size in question must be that of the species as a whole, not that of individual demes. Migration should be similar to back-mutation in that it can restore wild-type alleles, and retard the accumulation of mutations. A similar effect was shown for the case of recolonization after extinction of local asexual populations (Melzer & Koeslag, 1991) .
From the results on the effect of the selection coefficient (Pamilo et al. 1987; Lynch & Gabriel, 1990 , and the present paper), it appears that mutations of moderate effect are the most important in their consequences for the fitness of populations that meet the conditions for mutation accumulation to occur. Very slightly detrimental mutations can become fixed and can accumulate by the ratchet, but this usually has only slight effects on fitness. Very strongly detrimental mutations will not accumulate.
If the interactions between mutations at different •loci are synergistic, this slows the accumulation of mutations, so that the decrease in mean fitness may be limited. This was a strong effect in sexual populations, as can be seen by comparing the values in Tables 5  and 1 . In asexual populations, in which mutations accumulated to the point that mean fitness was severely decreased, synergistic selection caused little perceptible reduction in the rate of decline over time.
The effect of restricted outcrossing is more complex than previously understood (Heller & Maynard Smith, 1979) . Although it is correct in theory that inbreeding permits the operation of the ratchet at greater speeds than for outcrossing populations of the same size, this comparison implicitly assumes the same strength of selection. But in real populations, increased selfing leads to increased homozygous expression of mutations, and is thus similar to an increased strength of selection, which slows down the ratchet's operation, in comparison with small outcrossing populations. Furthermore, for similar rates of mutation and similar distributions of mutant effects, the fact that selection is between different homozygous genotypes means that the size of the least-loaded class is greater in inbred populations. Thus selfing populations will accumulate only mildly detrimental mutations. Inbreeding should not therefore endanger population fitness unless the population size is so small, and mutation rate so high, that many fixations occur. Mutation accumulation has different consequences in inbreeding populations than in outcrossing ones. In small inbred populations, mutation accumulation occurs chiefly by fixation of mutations. The classic ratchet is relatively ineffective, even with high mutation rates, though small amounts of outcrossing retard the fixation process (Table 4 ). In contrast, accumulation in outcrossing populations with restricted recombination is expected to result in increase in the number of mutations, but different individuals will carry different mutations, so that mutations will not reach high frequency unless population size is very small.
The acceleration of the rate of fixation by close linkage also suggests that the importance of fixation, as opposed to a classical Muller's ratchet process, should be reexamined in relation to the situation in Y chromosomes, for which it has been suggested that the ratchet may lead to loss of functional alleles (Charlesworth, 1978) . It seems unlikely that rapid fixation will occur, except in very small populations, but this needs to be checked by simulation, because sheltering of the detrimental effects of mutations, due to heterozygosity with X chromosomes, together with a lower effective population size for the Y, should facilitate fixation (Nei, 1970) .
In summary, our theoretical results suggest that mutations accumulate to the point that population fitness is greatly decreased only in small asexual populations or very small sexual populations with highly restricted recombination or outcrossing. Even with a population size as small as 50, with a single chromosome with 1024 loci and an average of about one crossover per generation (r = 0001), the observed decline in mean fitness in 2000 generations was 3-6 % with random mating, compared with the infinite population value. This would yield a decline of 18% for 5 chromosomes, assuming independent accumulation of mutations on different chromosomes. The decline in fitness in selfing populations was larger, and would be higher still with several chromosomes as can be seen from the results in Table 4 with high mutation rates. However, it was always considerably less than for asexual populations with the same parameter values (Tables 4 and 6 ). The rate of decline for an asexual population with multiplicative fitnesses and size 100 was slightly larger than that for a completely selfing population of size 25, and the rate for selfing populations of size 100 was 64 times lower than that for asexual populations of 800 individuals, assuming the same selection coefficient (01) for both cases. Even with a selection coefficient of 002 for the selfing case, when mutations accumulate rapidly, the rates of fitness decline were about the same for selfing populations of size 100 as for asexual populations of size 800. It is therefore not clear that extinction due to this cause is inevitable for selfing populations (cf. Lynch and Gabriel, 1990) unless they are very small. There is some empirical evidence that asexual populations tend to be of recent evolutionary origin, compared with other closely related taxa (Maynard Smith, 1978; Avise et al. 1991; Quattro, Avise & Vrijenhoek, 1992) , suggesting that they do not persist for long time periods. It would be interesting to make similar studies of selfing plant taxa, though if rates of fitness decline are slower for selfers than for asexuals, the patterns might not be as clear.
(iv) Implications for molecular evolution
The results presented here have some possible implications for molecular evolution, which may involve the substitution of slightly deleterious alleles, particularly for nucleotide substitutions that result in amino-acid replacements (Ohta, 1976 ). Although we have not included many runs with very low values of Ns, apart from those for inbreeding populations, fixation was sometimes quite rapid. This occurred in sexual populations when linkage was tight, as can be seen in several examples in Tables 1, 2 and 3, and with unlinked loci in inbreeding populations (Tables 4 and  5) , especially with weak selection. It would presumably also occur in haploid asexual populations though, as mentioned above,' fixation' in diploid asexual populations means that all individuals in a population have the same heterozygous genotype. In the case of random-mating populations with tight linkage, the variances of the numbers of fixations were considerably higher than the means, e.g. in Table 1 with U = 0-1 and TV = 100, the ratio of variance to mean was 5 when there was no recombination. In other words, there was a clearly non-Poisson distribution of number of fixations, as has been found in DNA sequence data for replacement substitutions (reviewed by Gillespie, 1991) . With weaker selection, fixation would be expected to occur in larger populations, and simulations to study this are planned.
If these preliminary findings are confirmed with weaker selection and larger population sizes, some interesting conclusions follow. In the first place, rates of molecular evolution will be influenced by the recombination rates and breeding systems of populations. At least for haploid genomes, species with asexual reproduction will be expected to evolve faster with respect to slightly deleterious mutations than if recombination occurs freely. The same conclusion was reached by Birky & Walsh (1988) , but these authors modelled a single mutable locus in the presence of a completely linked 'background' block of genes under selection, rather than studying the effects in a multi-locus system. Silent, presumably selectively disadvantageous, alleles have been fixed in the clonal female-transmitted (monacha) genome of Poeciliopsis monacha hybridogens, but not in genomes of the sexual maternal ancestor P. monacha (Vrijenhoek, Angus & Schultz, 1977; Leslie & Vrijenhoek, 1979; Vrijenhoek, 1979; Spinella & Vrijenhoek, 1982) . Fixation could also be caused by hitch-hiking of clonal genomes when advantageous alleles are substituted. Fixation of slightly deleterious mutations should also be accelerated for highly inbreeding populations, and in regions of the genome with restricted recombination in sexual species. This is a distinct phenomenon from the observed reduction in genetic variability for neutral variants in regions of restricted recombination, which has also been ascribed to hitch-hiking (Begun & Aquadro, 1992) . Fixation times of rare neutral alleles are reduced by linkage to loci subject to deleterious mutation, especially in inbreeding populations (D. , and this reduces the average heterozygosity for neutral substitutions (B. .
If fixation is accelerated in inbreeding and asexual populations, the molecular clock cannot be assumed to run at a steady rate in related species which differ in rate of recombination or breeding system, and this will present problems for phylogenetic analyses based on sequence comparisons. This effect would be expected to be greatest for replacement rather than silent substitutions, since the latter are more likely to be neutral, and hence unaffected by recombination rate or breeding system (Birky & Walsh, 1988) . The ratio of replacement to silent substitutions is thus expected to be higher in highly inbreeding species compared with outbreeders, and in portions of the genome with reduced rates of recombination. This may provide a means of testing the deleterious allele theory of molecular evolution. Second, the fact that the fixation of deleterious mutations in sections of the genome with reduced recombination may proceed in a non-Poisson fashion in random-mating populations may also provide a tool for testing the deleterious allele theory. The expectation is again that the effect should be more marked for replacement than for silent substitutions. This work was supported by NSF grant BSR 8817976. We thank G. Bell and M. Lynch for comments on this manuscript.
